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Abstrat
We onsider single ionization of helium by fast highly harged ions. The ionization is
treated as a three-body problem whih involves the 'ative' target eletron, the target ore
(onsisting of the target nuleus and the 'passive' target eletron) and the projetile-ion. We
show that, unless the transverse momentum transfer in the ollision is large, the deviation of
the interation between the projetile and the target ore from the purely oulomb law has
a weak eet on the ionization. In partiular, the aount of this deviation does not enable
one to get an agreement with experimental data on the fully dierential ross setion for the
eletron emission into the so alled perpendiular plane.
PACS: 34.10.+x, 34.50.Fa
1 Introdution
Collisions of fast highly harged ions with helium represent an interesting example of quantum
dynamial few-body systems [1℄. During the last several years single ionization of helium has
attrated a lot of attention, both experimental and theoretial [2℄- [10℄.
The most detailed information on the proess of ionization is obtained by exploring the
ollision dynamis on the level of the fully dierential ross setion (FDCS). The parameter
ηp = Zp/vp, where Zp is the projetile harge and vp the ollision veloity, is ommonly used
to haraterize the eetive strength of the projetile-target interation. At small values of ηp
(ηp ≪ 1), where the projetile-target interation is weak, one normally expets that already the
rst-order Born approximation should yield a reasonable desription of the ollisions.
However, suh expetations have been put into question by experimental results on single
ionization of helium by 100 MeV/u C6+ projetiles. At this impat energy the ollision veloity
is quite high (vp = 58 a.u.) leading to the ollision strength parameter ηp of just about 0.1.
Nevertheless, large disrepanies were found between the experimental data and the rst Born
results for the eletron emission outside the sattering plane
1
. At the same time, for the eletrons
1
The sattering plane is a plane spanned by the vetors of the initial and nal projetile momenta.
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1 Introdution
emitted into the sattering plane the experimental FDCS was reasonably well reprodued by rst
Born theory [2℄.
It was suggested in [3℄ that the disrepanies might have their origin in the interation
between the projetile and the target ore (the target nuleus and the passive atomi eletron).
Aording to the rst Born approximation, this interation does not inuene the ionization
transition amplitude. Therefore, a number of theoretial models inluding, in partiular, the
seond Born, the Glauber, the ontinuum-distorted-wave-eikonal-initial-state (CDW-EIS) and
the symmetri-eikonal approximations were applied to study the eletron emission. All these
models go beyond the rst Born approximation and, in partiular, inlude the interation between
the projetile and the target ore.
These models predited notieable deviations in the eletron emission pattern from the rst
Born results, espeially outside the sattering plane [11℄. It also should be noted that in the
ase of the ionization by 100 MeV/u C6+ ions the preditions of these models onerning the
harater of the deviations and their magnitude were quite similar [11℄. In partiular, aording
to all of these models the main reason for the deviations in the FDCS from the rst Born results
in this ase is the interation between the projetile and the target ore.
These models, however, did not enable one to get any better overall agreement with the
experiment [3℄. Moreover, for the FDCS for the eletrons emitted into the plane, perpendiular
to the transverse momentum transfer (the perpendiular plane), they all predited a minimum
exatly there where, aording to the experiment, a maximum should be. Sine for this plane the
rst Born approximation predits almost a onstant value for the emission pattern (see also gure
3)
2
, the disagreement between the experiment and theory atually had beame even worse.
It was then suggested [9℄ that the dierene between the experiment and theory is not a
signature of any prinipal shortoming of the atomi ollision models but is simply aused by the
thermal motion of the target atoms. Beause of this motion a detetion of the nal momentum
of the reoil ion does not allow one to get preise information about the value and diretion
of the momentum transfer in the ollision. As a result, the orientation of the perpendiular
plane beomes experimentally not very well dened and the measured emission into this plane
an ontain notieable admixtures of the emission into other planes, inluding 'traes' of the
(relatively very large) binary peak from the sattering plane.
The role of possible experimental unertainties was later studied in [10℄. It was onrmed
that a non-zero temperature of the target gas indeed results in the appearane of a maximum in
the emission spetra exatly there where it was observed in the experiment. Besides, the authors
of [10℄ found out that the size of the projetile beam also ontributes to the appearane of the
maximum. Nevertheless, the above two eets seem to be insuient in order to fully explain
the dierene between the experiment data and theoretial results.
In another reent paper [12℄ it was suggested that the reason for the disrepanies ould lie
in the fat that in the theoretial models, used so far to desribe this proess, the interation
between the projetile and the target ore was taken as a pure oulomb interation between two
point-like harges: Zp and 1 for the projetile and target ore, respetively. Stritly speaking
2
Aording to the rst Born approximation the eletron emission pattern should be a onstant in the plane,
whih is perpendiular to the vetor of the total momentum transfer. However, under the onditions of the
experiment [3℄, beause of high ollision veloity, the minimum momentum transfer was very small and the
transverse part of the momentum transfer pratially oinided with the total momentum transfer.
2
suh an approximation is only valid for ollisions with impat parameters larger than the size
of a helium atom. If a substantial part of the eletron emission arises in ollisions, in whih the
projetile penetrates the target ore, the above theoretial models might be not able to yield
a satisfatory desription of the ionization proess. A similar suggestion has been also made
in [13℄.
It is, therefore, one of the main intentions of the present paper to attempt to nd out whether
the aount of a non-oulomb part of the interation between the projetile and target ore ould
bring substantial hanges into the form of alulated ross setions and, in partiular, whether
this aount an improve the desription of the experimental data on single ionization of helium
by 100 MeV/u C6+ projetiles. Besides, for a omparison we shall also onsider single ionization
of helium by 1 GeV/u U92+ ions. In the latter ase the ollision veloity is even by a fator of 2
higher (vp = 120 a.u.) but the parameter ηp = Zp/vp is rather lose to 1 (ηp = 0.77).
Atomi units are used throughout exept where otherwise stated.
2 Theoretial model
We shall treat single ionization of helium by onsidering a three-body model of this proess.
This model involves the ative target eletron (1), the target ore (2) and the projetile (3). The
projetile and the ative eletron interat via the (relativisti) Coulomb fore. The target ore
onsisting of the target nuleus and the passive eletron is supposed to behave in the ollision as
a rigid body whose internal struture is not hanged by the ollision.
It is well known that even in ollisions at relativisti impat veloities the majority of ele-
trons emitted from suh a light target like helium has veloities with respet to the target reoil
ion whih do not exeed a few atomi units. Therefore, we shall onsider the ionization using
the rest frame of the target nuleus and desribe the ative eletron nonrelativistially.
In this frame the eld of the target ore ating on the ative eletron and the projetile is
desribed by a salar potential. This potential is taken to be the same for the ative eletron
and the projetile (as well as for the initial and nal ollision hannels) and is approximated by
Φ(ξ) =
1
ξ
+ (1 + βξ)
exp(−αξ)
ξ
. (1)
Here ξ refers to the distane measured from the enter of the target ore (i.e. from the target
nuleus) and is given in the target frame. In aordane with results of [14℄ the values of the
parameters α and β were hosen to be 3.36 a.u. and 1.665 a.u., respetively.
The initial state of the olliding system is taken as a produt of unperturbed states of
the projetile and target eletron multiplied by the eikonal fators. These fators reet the
distortion of the initial state aused by the oulomb interation between the projetile and the
ative eletron and by the interation between the projetile and the target ore. The nal state
is represented by a similar produt where, however, the eikonal distortion fator for the projetile-
ative eletron subsystem is replaed by a (relativisti) ontinuum-distorted-wave fator. The
initial and nal unperturbed states of the eletron moving in the eld of the target ore are
obtained by a numerial solution of the orresponding Shrödinger equation.
The main dierene between the approah of the present paper and our previous attempt [7℄-
[8℄ to address the problem of helium single ionization by very fast ions is that the interation
3
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Figure 1: The FDCS for single ionization of helium by 100 MeV/u C
6+
projetiles plotted as a funtion of the
polar emission angle. The ross setion is given in the sattering plane. The eletron emission energy εk = 6.5
eV and the total momentum transfer q = 0.65 a.u.. Symbols: experimental data from [2℄. Solid urve: results
obtained by inluding into the interation between the projetile and the target ore the full expression (1). Dash
urve: the projetile-target ore interation is modeled by the oulomb part of (1) only. Dot urve: the rst Born
results.
between the projetile and the target ore, in addition to the oulomb part, involves also the
short-range interation (see Eq.(1)). Besides, an eikonal-like desription of the projetile-ative
eletron oupling in the nal hannel has now been replaed by the ontinuum-wave oulomb
distortion fator. The latter is taken in suh a way as to aount for the neessary relativisti
hanges appearing in the form of the oulomb eld generated by a very fast moving ion.
The rst-order ounterpart of the present three-body model is obtained if all the distortion
fators are set to unity. In partiular, within the rst order approah the interation between the
projetile and the target ore ompletely drops out from the transition amplitude. Besides, the
interation between the projetile and the ative target eletron is redued just to a single-photon
exhange.
3 Results and disussion
3.1 The fully dierential ross setion
Let us now turn to onsidering the FDCS for single ionization of helium,
dσ+
d2Qd3k
. Here, Q is
the transverse part of the total momentum transfer to the target whih given by q = (Q, qmin),
where qmin = (εk−ε0)/vp with ε0 and εk being the initial and nal energies of the ative eletron.
k is the momentum of the emitted eletron with respet to the target nuleus. We shall rst
onsider the ionization aused by 100 MeV/u C6+ projetiles.
In gures 1-2 we show the FDCS for the sattering plane. This plane is dened by the
ondition ϕk = 0
0
, where the azimuthal angle ϕk of the momentum k of the emitted eletron is
4
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Figure 2: Same as in gure 1 but for the eletron emission energy of 17.5 eV and the total momentum transfer
of 1.43 a.u..
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Figure 3: Same as in gure 1 but the ross setion is given in the perpendiular plane. Besides, the dash-dot
urve displays results of the alulation in whih the interation between the projetile and the ative eletron is
desribed within the rCDW-EIS but the projetile-target ore interation is ignored.
ounted from the diretion of the transverse momentum transfer Q. This ross setion is given as
a funtion of the polar angle, ϑk = arccos(k · vp/kvp), of the momentum of the emitted eletron
for xed emission energy and momentum transfer. The results are on an absolute sale.
We observe in these gures familiar strutures: at the lower momentum transfer (see gure
1) the emission pattern learly exhibits the so alled binary and reoil peaks; at the higher
momentum (see gure 2) the reoil peak pratially disappears. It is also seen in these gures
5
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Figure 4: The FDCS for single ionization of helium by 1 GeV/u U
92+
projetiles plotted as a funtion of the
polar emission angle. The ross setion is given in the sattering plane. The eletron emission energy εk = 2 eV
and the total momentum transfer q = 0.65 a.u.. Symbols: experimental data from [7℄, these data have been t
to the maximum of the solid urve. Solid urve: results obtained by inluding into the interation between the
projetile and the target ore the full expression (1). Dash urve: the projetile-target ore interation is modeled
by the oulomb part of (1) only. Dot urve: the rst Born results.
that, while the inlusion of the interation between the projetile and the target ore has a visible
(although rather weak) impat on the alulated ross setion, the latter is pratially insensitive
to whether this interation is approximated by merely the oulomb part of the salar potential
(1) or by the full expression (1).
The situation beomes somewhat dierent if we onsider the emission into the perpendiular
plane (see gure 3). The latter is dened by the ondition ϕk = 90
0
. The emission into this
plane is very weak and muh more sensitive to the details of a theoretial desription. For
this plane the deviations between the results alulated in the dierent approximations beome
more pronouned. In this plane the higher order ontributions in the interation between the
projetile and the ative eletron hange the shape of the ross setion. The inlusion of the
interation between the projetile and the target ore brings further quite notieable hanges into
the alulated emission pattern. Moreover, in the perpendiular plane we also observe that there
is a visible eet in the emission spetrum aused by the short-range part of this interation.
However, in ontrast to the experimental data showing a pronouned maximum at ϑk ∼ 90
0
and 2700 (see e.g. [10℄), the inlusion of the interation between the projetile and the target ore
results in a minimum in the alulated emission spetrum. Moreover, this minimum beomes
even slightly deeper if the short range part of this interation in taken into aount. Thus, the
present model is unable to explain the appearane of the maximum at ϑk ≃ 90
0
observed in the
experimental data.
Let us now turn to the FDCS in ollisions with 1 GeV/u U92+ projetiles. In gures 4-5 we
plot the FDCS for the sattering plane as a funtion of the polar angle of the emitted eletron.
Theoretial results shown in these gures are on an absolute sale. The experimental data are
6
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Figure 5: Same as in gure 4 but for the eletron emission energy of 10 eV and the total momentum transfer
of 1 a.u..
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Figure 6: Same as in gure 5 but the ross setion is given in the perpendiular plane. Besides, the dash-dot
urve displays results of the alulation in whih the interation between the projetile and the ative eletron is
desribed within the rCDW-EIS but the projetile-target ore interation is ignored.
normalized (at the ross setion maximum) to those theoretial results whih are obtained with
the inlusion of the full interation between the projetile and the target ore.
Like in the previous ase, the main feature of the emission pattern is the presene of the
binary and reoil peaks. However, in ontrast to the ase of helium ionization by 100 MeV/u
C
6+
ions, the alulated ross setion in ollisions with the 1 GeV/u uranium ions substantially
depends on whether or not the interation between the projetile and the target ore is taken
into aount. The eet of the short-range part of this interation also beomes somewhat more
visible. Nevertheless, for the ollision parameters onsidered in gures 4 and 5 the alulated
spetrum of the eletron emission into the sattering plane still hanges very little when the
7
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short-range part of the potential (1) is taken into aount.
Results for the eletron emission into the perpendiular plane are shown in gure 6. Like in
the ase with the arbon projetiles, the alulated FDCS for the emission into this plane turns
out to be muh more sensitive to the approximations used. In partiular, the inlusion of the
interation between the projetile and the target ore substantially redues the magnitude of the
alulated ross setion and has a very strong impat on its shape. Besides, the inlusion of the
short range part of the potential (1) into this interation results in a more pronouned eet.
One more interesting feature of the emission pattern shown in gure 6 is that the maximum in
the emission is situated now at ≃ 900 and not at 00 (or 1800) as it was in the ase with the
arbon projetiles. This nding is in agreement with our earlier preditions [11℄, [15℄ that, when
the eetive strength of the projetile eld inreases, a minimum in the alulated ross setion
at ≃ 900 disappears and, instead, the ross setion attains a maximum at this point.
3.2 Cross setion dierential in the emission energy and transverse momen-
tum transfer
The inuene of the interation between the projetile and the target ore on the dynamis
of single ionization of helium in general depends not only on the eletron emission energy, the
momentum transfer and the magnitude of the parameter ηp but also on a plane hosen to observe
the FDCS. In order to get some more 'integral' ideas about the inuene of the projetile-target
ore interation as well as of the importane of its oulomb and short-range parts on the ollision
proess we shall now onsider the ionization ross setion dierential in the emission energy and
the transverse part of the momentum transfer, d2σ(+)/dQdεk. Suh a ross setion is shown in
gures 7 and 8 where it is onsidered as a funtion of the transverse momentum Q at xed values
of the emission energy εk.
In the ase of single ionization of helium by 100 MeV/u C6+ projetiles notieable dierenes
in the ross setion alulated without and with inluding the interation between the projetile
and the target ore begin starting with Q ≃ 3-4 a.u. (see gure 7). In this gure we also see that
at about the same values of Q the short-range part of this interation begins to have a visible
eet on the ross setion. This eet inreases with inreasing Q and hanges the ross setion
by about a fator of 2 at Q ≃ 5 a.u..
Compared to ollisions with the arbon ions, the dynamis of single ionization of helium
by 1 GeV/u U92+ projetiles is muh stronger aeted by the interation between the projetile
and the target ore whih is learly seen in gure 8. Now the dierenes in the alulated ross
setions aused by this interation start already at Q ≃ 0.5 a.u.. Besides, the eet of the short
range part of this interation beomes notieable at Q ≃ 2-3 a.u. and, thus, also omes into play
at omparatively smaller values of Q.
4 Conlusions
We have onsidered some aspets of single ionization of helium by very fast highly harged
nulei. In this onsideration we onentrated on the eets on the dynamis of this proess
aused by the interation between the projetile-nulei and the helium ore and were espeially
interested in the role played by the short-range part of this interation. As one ould expet
8
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Figure 7: The doubly dierential ross setion d2σ/dεkdQ for single ionization of helium by 100 MeV/u C
6+
projetiles given as a funtion of the transverse momentum transfer Q at a xed value of the emission energy
(εk = 6.5 and εk = 37.5 eV for the upper and lower panels, respetively, of the gure). The left panels of the
gure: solid urves are results obtained by inluding into the interation between the projetile and the target
ore the full expression (1); dash urves shows the results obtained when the projetile-target ore interation is
modeled by the oulomb part of (1) only; dot urves are the rst Born results. The right panels: the same as in
the left panels plus experimental data from [2℄.
the role of this interation as well as that of its short range part were found to inrease when
the transverse momentum transfer inreases. It was also shown that they may result in very
substantial eets. In partiular, the inlusion of this interation in the form (1) enables one to
get a better desription of the experimental data of [2℄ on the doubly dierential ionization ross
setion at larger values of Q.
However, at smaller values of Q, for whih the experimental data on the fully dierential
ross setions are available, our onsideration shows that the short-range part of this interation,
both in ollisions with 100 MeV/u C6+ and 1 GeV/u U92+ projetiles, has a very weak inuene
on the form and absolute values of the fully and doubly dierential ross setions. Thus, our
present study does not support the idea expressed in [12℄ and [13℄ that the neglet of the short-
range part of this interation in the previous theoretial models ould be responsible for the very
substantial deviations between the experiment and theory in the ase of the eletron emission
into the perpendiular plane.
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ross se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tion between the proje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ore the full expression (1). Dash 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the projetile-target ore interation is modeled by the oulomb part of (1) only. Dot urve: the rst Born results.
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